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ABSTRACT

We report a novel strategy to prepare densely packed porous graphene and MnO2 nanowires composite film (PGNs-
MnO2 NWs) through graphene etching process, hydrothermal method and subsequent vacuum-assisted filtration 
method. The ion diffusion ability of the PGNs-MnO2 NWs film is greatly enhanced due to the contribution of cross-
plane diffusion from porous graphene and in-plane diffusion from MnO2 nanowires-graphene sandwiched structure. 
Based on its high surface area, fast ion diffusion and high film density, the PGNs-MnO2 NWs film electrode exhibits 
high volumetric specific capacitance of 206 F cm-3 at 5 mV s-1 in 1 M Na2SO4 aqueous solution. The capacitance 
remains 99.5% after 2000 cycles of the cyclic voltammetry method. The strategy provides a facile and effective 
method to achieve high performance electrode materials for supercapacitor. 
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1. INTRODUCTION 

As the pint-sized electrical devices are developing rapidly, subminiature 
energy storage facilities with excellent performances are necessary, 
including the energy density, the power density and the cycle life. 
According to study, the supercapacitors, an arresting energy storage 
device, have huge power density, rapid charge-discharge speed and long 
cycle life [1-5]. However, it is an enormous challenge that improving the 
energy density of supercapacitors [6,7]. In order to meet the energy 
demands for the practical applications in the future, supercapacitors 
should possess high operating voltage and high energy without 
immolating the power delivery or cycle life [8-11]. Moreover, the 
electrochemical performances of the supercapacitors were mainly 
decided by the electrode material. The graphene, with high surface area, 
eminent electrical conductivity and splendid mechanical properties, is 
regarded as a greatly promising electrode material for the 
supercapacitors. However, graphene sheets tend to form irreversible 
agglomerates or even restack due to their strong π–π stacking and van der 
Waals interactions between the entered sheets of graphene, resulting in a 
dramatic decrease of the effective surface area and specific capacity 
[12,13]. To perfect this phenomenon, it is an effective method that 
providing pseudocapacitances to enhance the capacitance with the metal 
oxide, such as NiO, MoO3, MnO2 and Co3O4. Additionally, increasing the 
bulk density is also a resultful strategy, which can be achieved with 
graphene fiber, graphene sheets and graphene film as electrode materials 
[14-17]. As for the graphene film, the performance of ions at its 
electrochemical interfaces to transport is critical [18-21]. The inserted 
metal oxide can prop the layers of the grapheme film to enhance the area 
of interfaces, which can improve the capacitance with fast ion transport 
[22,23]. 

Herein, we report the strategy to prepare the porous graphene and MnO2 
nanowires composite (PGNs-MnO2 NWs) film. The preparation of MnO2 
NWs is a one-step hydrothermal method and the assembling of the porous 
graphene and MnO2 nanowires composite film are achieved using a plain 
vacuum-assisted filtration method [24].  Fast ion diffusion is mainly 
contributed to cross-plane diffusion from porous graphene and in-plane 

diffusion from MnO2 NWs-graphene sandwiched structure. The obtained 
PGNs-MnO2 NWs film showed a high volumetric specific capacitance of 
206 F cm-3 at 5 mV s-1 in 1 M Na2SO4 aqueous solution. And the capacitance 
remains 99.5% after 2000 cycles of the cyclic voltammetry method [25-
27]. 

2. EXPERIMENTAL SECTION

2.1 Preparation of PGNs (porous graphene) 

Firstly, 100 mL suspension of GO (0.5 mg mL-1) was dispersed evenly for 1 
h using ultrasonic treatment. Then, KMnO4 was added into the dispersion 
under stirring. It was heated for 5 min with a microwave oven. 
Accordingly, 50 mL deionized water, 100 μL hydrazine and 350 μL 
ammonia were all added into the mixture above. After stirring for 10 min, 
it was maintained at 100 ℃ for 20 min with water bath. Finally, the 
product was washed with oxalic acid and deionized water several times to 
remove the impurity. 

2.2 Preparation of MnO2 NWs (MnO2 nanowires) 

To be specific, 1.75 mmol of CH3COOK, 1 mmol of MnSO4·H2O and 1.75 
mmol of KClO3 were evenly dispersed in 15 mL deionized water. Then 0.8 
mL CH3COOH was added in the solution under stirring. The mixture above 
was transferred in a 25 mL stainless steel autoclave with Teflon and kept 
at 160 ℃ for 8 h. Finally, the precipitates were washed with deionized 
water and ethanol several times and dried at 60 ℃. 

2.3 Preparation of PGNs-MnO2 NWs film 

PGNs-MnO2 NWs film was achieved using a plain vacuum-assisted 
filtration method. PGNs and MnO2 NWs were measured with the mass 
ratio of 1:4, dispersing evenly in 300 mL deionized water using the 
ultrasonic bath. Then the suspension was vacuum filtrated with the mixed 
cellulose ester filter membrane (0.45 μm pore size). The obtained PGNs-
MnO2 NWs film was dried in the shade, and it was separated away from 
the filter membrane. Finally, it was transferred into a quartz tube furnace 
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heated to 300 ℃ for 2 h in N2, and the final film was 0.5 mg cm-1. 

2.4 Electrochemical measurements 

All the electrochemical measurements were executed in 1 M Na2SO4 
aqueous solution utilizing a three-electrode system on a CHI 660E. The as-
prepared PGNs-MnO2 NWs films were cut into square pieces of 1×1 cm2. 
And the pieces were pressed between two nickel foam with a tablet 
machine as the working electrode. The platinum electrode was regarded 
as counter and the SCE electrode as reference electrode. The gravimetric 
specific capacitances (C) of the three-electrode system were computed 
based on the CV curves at different scan rates:𝐶 = (∫ 𝐼𝑑𝑉)/(𝑚𝜐𝑉). 

3. RESULTS AND DISCUSSION

The PGNs-MnO2 NWs film was successfully prepared with admirable 
flexibility (Figure 1a). As shown in Figure 1b, the MnO2 was consists of 
chaotically overlong nanowires. These nanowires were interlaced with 

each other, forming a porous net structure. And the diameters of the 
nanowires were about 50 nm. The network could not only promote the 
continuous electron transfer but also provide porous structure to form 
more paths for ions transmission. Figure 1c showed that there were holes 
and drape structure in the PGNs surface. The huge macropores on every 
single layer of the graphene made it possible that irons transmitted 
through the layers on vertical direction. As shown in Figure 1d and Figure 
1e, the MnO2 NWs was tightly linked with the PGNs, and the average 
thickness of the PGNs-MnO2 NWs film was about 4 μm. The MnO2 NWs 
filled the room between graphene layers, supporting the layers of the 
PGNs, hindering the agglomeration of graphene layers. The porous and 
drape structures were obvious in Figure 1f. The size of these holes were 
about 2-5 nm. Ample porous structure played an important role in ion 
transportation between the graphene sheets in the cross-plane direction. 
Based on the unique structure, it was highly expected that PGNs-MnO2 
NWs film would exhibit a more excellent electrochemical performance. 

Figure 1: (a) The optical images of the PGNs-MnO2 NWs film. (b) The SEM image of the MnO2 NWs. (c-e) The SEM images and (f) TEM image of PGNs-
MnO2 NWs film. 

The PGNs exhibited a broad XRD peak at 2θ=23° and a weak peak at 
2θ=43°, corresponding to the (002) plane and the (100) plane of the 
graphene, respectively. (Figure 2a) The peak before 2θ=12° 
corresponding to micropores structure. All the peaks of the MnO2 NWs 
could be regarded as α-MnO2, which showed the same values of the 
standard card (PDF 81-1947). (Lan et al., 2013) Moreover, the intensity of 
the relative diffraction peaks of PGNs-MnO2 NWs film was distinctly 
decreased compared with those of the pure MnO2 NWs samples, which 
was attribute to the addition of PGNs sheets. It could be broadly seen that 
there were two broad peaks at 1360 cm-1 and 1580 cm-1 in both PGNs-
MnO2 NWs film and PGNs, meaning the D and G bands of graphene, 
respectively. (Figure 2b) In the Raman spectrum, the G band represented 
the in-plane bond-stretching motion of the pairs of PGNs sp2 atoms, while 
the D band squared the breathing modes of rings or κ-point phonons of A1g 
symmetry.  In addition, for the PGNs-MnO2 NWs film, there was an 
additional broad peak centered around 600 cm-1, which may be attributed 
to the characteristic peak of Mn-O lattice vibrations.  Raman spectroscopy 
further confirmed that the PGNs-MnO2 NWs film had higher ID/IG ratio 
than the PGNs, meaning more disordered and defective carbon. It also 
signified the existence of more porous structure caused by the MnO2 NW, 
which was agreed with the result of the SEM. The PGNs-MnO2 NWs film 
indicated two main weight loss regions in air. (Figure 2c) The first region 
meant the evaporation of the water and the pyrolysis of oxygen containing 
functional groups in PGNs sheets. It was accompanied by a distinct weight 
loss of 10 wt % at 400 ℃. The second region was the decomposed 
graphene while the Mn2O3 remained in the air atmosphere. Herein, the 
estimated mass percentage of the MnO2 NWs was about 70 wt %. The PGNs 
exhibited a typical IV type nitrogen adsorption/desorption isotherm with 
an evident hysteresis loop at relative pressure P/P0 of 0.45-0.9, (Figure 2d) 
meaning the existence of mesopores. With the high specific surface area of 
236 m2 g-1, its total pore volume could attain 0.33 cm3 g-1. It could be well 
confirmed by the pore size distribution (Figure 2d insert). The insert 
showed that the mesopores were the main holes of the PGNs, and their size 
were 2-5 nm. 

Figure 2: (a) The XRD patterns of the MnO2 NWs, the PGNs and the PGNs-
MnO2 NWs film. (b) Raman patterns of the PGNs and the PGNs-MnO2 NWs 
film. (c) The TGA curve of the PGNs-MnO2 NWs film. (d) Nitrogen 
adsorption/desorption isotherms of the PGNs. The insert was the pore size 
distribution with the DFT method. 

The electrochemical performance tests of the integral film electrode were 
performed in a three-electrode system using 1 M Na2SO4 aqueous solution. 
Electrochemical characterizations of the PGNs-MnO2 NWs film (thickness 
of 4 μm, Figure 1d) display superior performances without the need for 
any other binders or electro-active additives. All the CV curves at different 
scan rate of the PGNs-MnO2 NWs film exhibited rectangular-like shape 
from 20 mV s-1 to 500 mV s-1, which meant admirable capacitive behaviors. 
(Figure 3a) It was beneficial to rapid charge transmitting with little 
equivalent series resistance and excellent rate performance. The 
galvanostatic charge/discharge profiles (Figure 3b) exhibited some highly 
symmetrical isosceles triangle, which could be clearly observed with all 
the curves at various current densities from 1 A g-1 to 20 A g-1. It was 
another typical characteristic of an ideal supercapacitor electrode 
material, meaning an excellent electrochemical reversibility. Moreover, 
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the IR drop was little, even at a high current density of 20 A g-1, which showed a low internal series resistance of the electrode. 

Figure 3: (a) CV curves of the PGNs-MnO2 NWs film at different scan rates from 20 mV s-1 to 500 mV-1 (b) Galvanostatic charge–discharge curves of the 
PGNs-MnO2 NWs film at different current densities. (c) The specific capacitance of the PGNs-MnO2 NWs film at different current densities. (d) Cyclic 
performance of the PGNs&MnO2 NWs film. (e) The Nyquist impedance plots of the PGNs-MnO2 NWs film. (f) The normalized real and imaginary part 
capacitance of the PGNs-MnO2 NWs film. 

Figure 3c showed the specific capacitance of PGNs-MnO2 NWs film. A high 
specific capacitance of 165 F g-1 could be observed at 5 mV s-1 for the PGNs-
MnO2 NWs film electrode. Correspondingly, its volumetric specific 
capacitance could achieve 206 F cm-3 at 5 mV s-1. When the scan rate 
increased to 500 mV s-1, the specific capacitance of the PGNs-MnO2 NWs 
film could reach 117 F g-1, which remained 70% of its initial value. The high 
capacitance of the PGNs-MnO2 NWs film electrode could be ascribed to the 
synergistic effect of the PGNs and the MnO2 NWs. Firstly, the MnO2 
nanowires on PGNs sheets could effectively offer the high 
pseudocapacitance, which increased the specific capacitance by redox 
reaction. Secondly, compactly connected MnO2 nanowires could form 
wealthy macropores, which was beneficial for the carriage of the 
electrolyte ions and charge transfer reactions. Finally, the PGNs sheets in 
the final composite film could not only buffer the volume changing of the 
MnO2 nanowires during the discharging and charging and processes, but 
also preserve the advanced electrical conductivity of the corporate 
electrode because of the excellent conductivity of PGNs. The high specific 
capacitance was decided by the structure of PGNs-MnO2 NWs film. The 
holes and the drape provide with paths for ion transportation. Because of 
the high performances of the PGNs-MnO2 NWs film, it was highly 
reasonable to develop an electrode material for the supercapacitors with 
lofty electrochemical performance. Figure 3d demonstrated the cycle life 
of the PGNs-MnO2 NWs film according to CV curves. At the first 400 cycles, 
the PGNs-MnO2 NWs film was unstable while it tends to be stable after the 
400th cycle, even at 2000th cycle. So, the first 400 cycles could be regarded 
as activation. The capacitance remained 99.54%, intending excellent 
cycling stability. 

The slant in the low frequency region suggested virtually ideal capacitive 
behavior. (Figure 3e) The interfacial contact resistance was little, which 
meant that connected net and whole structure could effectively reduce ion 
diffusion resistance. The total equivalent series resistance (ESR) was 
about 0.4 Ω, suggesting that the introduction of MnO2 NWs in the layers of 
graphene film could enhance charge transfer depending on the connected 
nets and holes. Additionally, the Bode phase plots of the frequency 
response of capacitance (Figures 3f) also revealed the significant influence 
of porous structure on the rate of ion transport. The characteristic 
relaxation time (τ0) of the PGNs-MnO2 NWs film was 316 ms. Cross-plane 
transport was fatal for fast ion diffusion between the layers of the 

graphene. Excellent conductive graphene facilitated rapid electron 
transport, reducing the internal resistance of the electrode, which was 
critical for the rate capability. 

4. CONCLUSION 

In summary, densely packed porous graphene and MnO2 nanowires 
composite film had been prepared by a simple graphene etching process 
hydrothermal method and subsequent vacuum-assisted filtration method. 
The unique structure endows fast transport of electrolyte ions and 
electrons throughout the film electrode due to the introduction of MnO2 
NWs in-between graphene sheets and porous graphene. As a result, the 
supercapacitor based on PGNs-MnO2 NWs film electrode displays high 
volumetric capacitances, as well as excellent rate capability and cycling 
performance. Therefore, this new and simple strategy for the synthesis of 
the graphene-based hybrid film would open up numerous opportunities 
for the applications including Li-ion batteries, sensors and actuators. 
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